The author found some earthquakes of different character which occasionally occurred in our country. They are noticed by their particular type showing in the seismograms and giving rise to an abnormal distribution of seismic intensity. The depths of these earthquakes were estimated to be over 300 km, by the time observations of seismic waves .... This is a surprising result comparing with the formerly conceived shallow earthquakes.
rates show that the olivine --> spinel transformation should be kinetically hindered in old, cold slabs descending into the transition zone. Thus wedge-shaped zones of metastable peridotite probably persist to depths of more than 600 km. Laboratory deformation experiments on some metastable minerals display a shear instability called transformational faulting. This instability involves sudden failure by localized superplasticity in thin shear zones where the metastable host mineral transforms to a denser, finer-grained phase. Hence in cold slabs, such faulting is expected for the polymorphic reactions in which olivine transforms to the spinel structure and clinoenstatite transforms to ilmenite. It is thus natural to hypothesize that deep earthquakes result from transformational faulting in metastable peridotite wedges within cold slabs. This consideration of the mineralogical states of slabs augments the traditional largely thermal view of slab processes and explains some previously enigmatic slab features. It explains why deep seismicity occurs only in the approximate depth range of the mantle transition zone, where minerals in downgoing slabs should transform to spinel and ilmenite structures. The onset of deep shocks at about 325 km is consistent with the onset of metastability near the equilibrium phase boundary in the slab. Even if a slab penetrates into the lower mantle, earthquakes should cease at depths near 700 km, because the seismogenic phase transformations in the slab are completed or can no longer occur. Substantial metastability is expected only in old, cold slabs, consistent with the observed restriction of deep earthquakes to those settings. Earthquakes should be restricted to the cold cores of slabs, as in any model in which the seismicity is temperature controlled, via the distribution of metastability. However, the geometries of recent large deep earthquakes pose a challenge for any such models. Transformational faulting may give insight into why deep shocks lack appreciable aftershocks and why their source characteristics, including focal mechanisms indicating localized shear failure rather than implosive deformation, are so similar to those of shallow earthquakes. Finally, metastable phase changes in slabs would produce an internal source of stress in addition to those due to the weight of the sinking slab. Such internal stresses may explain the occurrence of earthquakes in portions of lithosphere which have foundered to the bottom of the transition zone and/or are detached from subducting slabs. Metastability in downgoing slabs could have considerable geodynamic significance. Metastable wedges would reduce the negative buoyancy of slabs, decrease the driving force for subduction, and influence the state of stress in slabs. Heat released by metastable phase changes would raise temperatures within slabs and facilitate the transformation of spinel to the lower mantle mineral assemblage, causing slabs to equilibrate more rapidly with the ambient mantle and thus contribute to the cessation of deep seismicity. Because wedge formation should occur only for fast subducting slabs, it may act as a "parachute" and contribute to regulating plate speeds. Wedge formation would also have consequences for mantle evolution because the density of a slab stagnated near the bottom of the transition zone would INTRODUCTION Definitions of technical terms and mineral names may be found in the glossary at the end of this paper. A crucial observation bearing on this question is that deep seismicity is not only restricted to downgoing slabs, it is restricted to the 300-350 to 690 km depth range within them (Figure 2a ). This depth range closely brackets the mantle transition zone, defined by rapid seismic velocity increases at approximately 410 and 660 km, which separates the upper from the lower mantles (Figure 2b) [e.g., Bina, 1991] . These velocity discontinuities are presumed to correspond to the near-equilibrium phase boundaries separating the primary upper mantle minerals (olivine (a-phase) and pyroxenes) from the denser minerals in the transition zone ([• phase (modified spinel), •/phase (spinel), majorite garnet, stishovite, and/or ilmenite) and those in the lower mantle (perovskites and magnesiowtistite, a Mg-Fe oxide) [Akaogi et al., 1989; Katsura and Ito, 1989] .
It is thus natural to consider that deep earthquakes are somehow associated with phase changes occurring as peridotite in the subducting slab passes through the transition zone [Griggs, 1954; Isacks et al., 1968; Vaisnys and Pilbeam, 1976; Kostoglodov, 1989] . Because slabs are much colder than their surroundings and reaction rates are expected to be sluggish, Sung and Bums [1976a, b] proposed that in the coldest parts of fast subducting slabs the phase transformation rates may not keep pace with the slab descent rate. Hence a wedge-shaped region of metastable olivine would extend considerably deeper in the slab than the 410-km depth of the equilibrium transition of olivine to spinel outside the slab ( Figure  2c ). This hypothesis is supported by recent theoretical and experimental results, which show that the reaction would be kinetically hindered in the cold interiors of some subducting slabs [Ruble and Ross, 1994] .
The idea that deep earthquakes result from metastable mantle phase changes was previously rejected because deep earthquake focal mechanisms generally indicate faulting (i.e., localized shear failure) rather than the implosive deformation expected for bulk transformation to denser phases [e.g., Sykes, 1968; Kawakatsu, 1991] . In the last decade, however, laboratory experiments have shown that under metastable conditions, some minerals partially transform to denser phases by a CRatio of the sum of the seismic moments of well-located aftershocks detected at teleseismic distances (>25 ø) and the moment of the main shock. This ratio is expressed as a percentage. ND indicates that no aftershocks were detected, but that high detection thresholds existed at the time. In this view, the behavior of a slab depends, in part, on its mineralogical state. We focus here on the region of the slab characterized by the presence of metastable olivine and clinoenstatite. We define this region by the wedge-shaped boundaries bounding the predicted presence of metastable olivine, the primary mineral. The wedge exists at transition zone depths but differs in mineralogy from material at these depths both in the remaining portions of the slab and outside the slab. Deep earthquakes are significant because they indicate the presence of metastable regions, delineate their boundaries, and characterize their deformation. Metastable regions, in turn, differ in temperature, density, and mechanical properties from the rest of the slab and hence have consequences for slab dynamics and evolution.
Large-scale olivine metastability would have major implications for the mantle convection system [e.g., Silver et al., 1988; Peltier, 1989] . Although the simplest explanation for the absence of deep earthquakes in the lower mantle (Figure 3) [1996] ). These observations are consistent with the cessation of deep earthquakes being controlled mineralogically rather than by slab termination. Moreover, the presence of metastability reduces the negative thermal buoyancy of some slabs, with a variety of consequences.
The success of the metastability hypothesis at explain- 
Thermal Parameter Concept
Describing the thermal structure in the Earth is challenging because temperatures at depth are not constrained by direct observations but are instead inferred primarily from surface temperature, surface heat flow, and assumed physical properties. As a result, our ideas are based on simple models, which are attractive because the results are relatively insensitive to their details.
Exploration of the metastability hypothesis requires estimates of temperature and pressure inside slabs. A simple analytical model for subduction zones, based on the time required for a slab of finite thickness to heat up by conduction as it subducts into the hotter mantle [McKenzie, 1969] , illustrates several key ideas. Isotherms within the slab are advected downward, reaching a maximum depth proportional to the product of the vertical descent rate (trench-normal convergence rate times the sine of the dip) and the square of plate thickness. This formulation emphasizes temperature as a function of depth, rather than distance along the slab dip, because mineral reaction rates depend on both temperature and pressure.
The model makes two important predictions. First, the time needed for a slab to equilibrate with the surrounding mantle is much longer than the approximately 10 Myr required for it to reach 700 km depth where earthquakes cease. Second, for a cooling half-space model, in which the thermally defined thickness of the subducting lithosphere is proportional to the square root of its age as it enters the trench, isotherms reach a depth proportional to the product of vertical descent rate and age, a quantity known as the thermal parameter.
This concept is useful for investigating the cause of in which the geotherm reaches steady state at an age of about 70 Myr. Hence in other difficulty is that for olivine flow law parameters determined by laboratory experiments, slabs should be strong below the deepest earthquakes [Brodholt and Stein, 1988] .
The dichotomy between slabs having deep earthquakes and those that do not suggests that different processes control maximum earthquake depths in slabs with thermal parameters less or greater than about 5000 such a model the thermal structure does not vary greatly with age among old slabs.
We used material parameters within the range typically used in thermal modeling and thought to be appropriate for the upper mantle. Because the actual values in descending slabs are not well constrained, we followed common practice in using temperature-and pressureindependent values. Although the modeling is done for potential temperatures [McKenzie, 1970] It is difficult to assess uncertainties in the predicted temperatures without independent means of verifying their accuracy. Certainly, many of the model assumptions are idealizations. The temperature in the incoming lithosphere is predicted from a simple plate model. The geometry and uniform thermal diffusivity are also approximations. As the model only allows slab heating by conduction from the surrounding mantle and does not include shear or radiogenic heating, the predicted temperatures are lower bounds. Thus, although we consider these models as sensible approximations to real slabs, we do not regard the predicted temperatures from these (or any other) models as accurate to better than about 200øC. The fact that temperatures from such models predict seismic velocities similar to those inferred from observations [e.g., Spakman et al., 1989 ] suggests that they are reasonable approximations. Moreover, as we shall see, combining the temperatures with a kinetic model of the phase change (which has its own uncertainties) predicts substantial metastability only for slabs in the age and convergence rate range where deep earthquakes actually occur.
The thermal model does not include the effects of latent heat released by the phase changes, because it differs from earlier ones in which latent heat is released at the equilibrium phase boundary. Because our focus is on the metastable reaction, we use the thermal model in a kinetic calculation to predict where the reaction occurs. Thus slab temperatures will rise by about 40 ø-200øC due to the latent heat, depending on the degree of metastability. These temperature increments were not incorporated into the heat transport in the thermal model because the distance the slab descends in a time step is generally greater than the computed widths of the reaction zones. Thus the reaction zone is so narrow that the reaction goes to completion before the heat generated by reaction in adjacent regions diffuses back into the wedge.
PHASE CHANGES IN SUBDUCTING SLABS

Background
Subducting slabs can be considered as composed of three layers: a 7-km-thick mafic crust, underlain by a 25-to 30-km-thick layer of harzburgite (a peridotite containing enstatite in addition to the chief mineral olivine), below which is lherzolite, a peridotite containing both enstatite and diopside [e.g., Ringwood, 1982] . The harzburgite layer is likely to initially experience the lowest slab temperatures since it is the shallowest and coldest mantle rock entering trenches. We therefore consider phase changes primarily in terms of this basic lithology, which consists of approximately 78% olivine, 22% enstatite, and a trace of garnet [Ringwood, 1982] .
The upper mantle minerals discussed above become thermodynamically unstable at a depth of about 400 km and begin transforming to higher-density phases, such as spinel, modified spinel, ilmenite, or majorite garnet. If these transformations fail to occur at their equilibrium pressures in cold subducting lithosphere because of sluggish reaction kinetics, these low-pressure minerals will survive as metastable phases to depths determined by the reaction rates [Sung and Bums, 1976a Phase transitions that occur in the transition zone involve major changes in the atomic structure of the minerals. Such changes are normally accomplished by "reconstructive" mechanisms that involve two stages, formation of nuclei of the new phase(s) (normally on grain boundaries in the host rock) and growth of new grains at the expense of the host phase. Although nucleation and growth generally occur simultaneously ( Figure  5 ), the kinetics of the two processes can be considered separately. In general, the overall transformation rate (i.e., the variation of the volume fraction of the new phase(s) with time) depends on the rates of both nucleation and growth and is affected by the impingement of the growing grains.
The mechanisms and, to a lesser extent, the kinetics of the olivine -• spinel transformation have been the subject of numerous experimental studies, reviewed by Rubie [1993] . We first consider the transformational behavior of olivine, the most abundant phase in subducting lithosphere. In section 3.8, we also review the kinetic behavior of enstatite.
Kinetics of the Olivine-Spinel Transformation
If equilibrium is maintained at low temperatures (500ø-700øC), olivine of mantle composition Mg•.sFeo.•SiO4) transforms via a sequence of divariant reactions with increasing pressure to the higher-density polymorphs. According to the thermodynamic data of Akaogi et al. [1989] mechanism, on which the reaction rate depends, must be understood [Rubie and Thompson, 1985 (Figure 6a) , the Mg/Fe ratios of the reactant and product phases are different and change as a function of pressure and reaction progress. Growth therefore involves Fe-Mg interdiffusion on the scale of the grain size of the rock [Rubie, 1993] and is likely to be "diffusioncontrolled" [Christian, 1975] . At low temperatures, where the transformation of olivine close to the equilibrium pressure is kinetically inhibited, the two-phase fields can be overstepped and direct transformation to either [3 or •/can occur without any change in composition and therefore without the need for long-range diffusion [Rubie, 1983] . In this case, the growth rate of [3 or •/is controlled by the rate of short-range diffusion across the narrow interphase boundary and is termed "interface-controlled" [Christian, 1975] 
400
•500 used directly to predict transformation kinetics in the mantle without considering the effect of composition.
Growth Kinetics
Although transformation involves both nucleation and growth, we treat only the kinetics of growth in detail, because available data suggest that transformation rates at low temperatures in subducting slabs are controlled entirely by the growth kinetics [Rubie and Ross, 1994 
where k 0 is a constant, T is absolute temperature, P is pressure, H* and V* are the activation enthalpy and activation volume for growth, R is the gas constant, and AG r is the Gibbs free energy change of reaction [Turnbull, 1956; Christian, 1975] . The first exponential is a kinetic factor describing the thermally activated diffusion of atoms across the interphase boundary. The rate of this process increases rapidly with temperature but (assuming that V* is positive) decreases with increasing pressure. The second factor (in brackets) depends on the thermodynamic driving potential in the system. AG r can be approximated by ApA V, where ZIP is the overstep of pressure beyond equilibrium and ZIV is the transformation volume change at the conditions of the reaction. Hence this factor is zero at equilibrium where ZIG r --0 (and therefore the growth rate is zero), and this factor approaches unity as ZIP increases. With increasing pressure at constant temperature the growth rate of spinel during transformation from olivine first increases, due to the thermodynamic factor, and then decreases, due to the kinetic factor. 
Experimental
where ot is a constant. This relationship seems approximately valid for thermally activated processes such as When temperatures in the slab at 400 km depth are higher (about 600ø-1100øC), transformation occurs much closer to equilibrium, at a depth controlled by the nucleation kinetics. The uncertainty in this depth is at least 50 km, due to nucleation rate uncertainties [Rubie and Ross, 1994, Figure 5 ]. Finally, when temperatures exceed 1100øC at 400 km depth, the growth rate can equal the rate of subduction at conditions close to those at the equilibrium phase boundary. In this fast growth case the transformation front moves up the descending slab by growth alone, without the need for nucleation, and transformation occurs very close to equilibrium.
Enstatite Phase Transformations
Enstatite (Mg,Fe)SiO3 is the second most abundant phase in mantle harzburgite. At high pressure (6-10 GPa) the orthorhomic polymorph, orthoenstatite, transforms to another pyroxene polymorph, clinoenstatite. Under equilibrium conditions in slabs, clinoenstatite, in turn, should transform to garnet at about 400 km depth [Ringwood, 1982] . However, at low temperatures (e.g., 600øC) it is likely that the ga. rnet-forming reaction is 
THERMOKINETIC MODEL RESULTS
These results for olivine -• spinel kinetics permit use of thermal models to predict where metastable olivine should occur and hence where a necessary condition for deep earthquake faulting by transformational faulting is satisfied.
Thermokinetic Models of Various Slabs
Deep seismicity occurs only for slabs with thermal parameters greater than 5000 km (Figure 4) . To see if this behavior would be expected, we computed temperature structures and reaction boundaries for four representative slabs with successively increasing thermal parameter (Plate 3 and Table 2 ). Category A, a young slab, approximates the Cascadia, Mexico, or Nankai Trough subduction zones. Category B, a middle aged slab, approximates the Middle America, northern Chile, or central Aleutians subduction zones. Category C, an old slab, approximates the eastern Indonesia and Kuriles subduction zones. Category D, an old slab subducting rapidly, approximates the Tonga subduction zone.
As expected, the model slabs are progressively colder with increasing thermal parameter. Significant metastability is predicted between the equilibrium boundary and the 50% transformation contour computed including latent heat release. For the warmest slab, A, the olivine -• spinel reaction occurs near the equilibrium boundary, and no metastability occurs. Similarly, the somewhat cooler slab B has only minor metastability. Because these slabs are hot enough that the phase transformation keeps pace with the subduction rate, essentially no metastable wedges form, transformational faulting should not occur, and deep earthquakes are not expected.
A distinct metastable wedge is evident for the next colder slab, C, which models the thermal state expected for most old slabs. The wedge extends to approximately 500 km depth. The coldest slab, D, has an even larger wedge extending to 660 km. These two slabs are cold enough that phase transformation cannot keep pace with the subduction rate, a distinct metastable wedge forms, and deep earthquakes are expected.
Model Predictions and Earthquake Depths
The We regard these results as support for the metastability hypothesis. Although we made no a priori assumptions about the critical thermal parameter in the thermokinetic models, they predict an onset of metastability near the critical thermal parameter where deep events first occur.
4.3.
Features and Limitations of the Thermokinetic Modeling Several points merit additional discussion. First, the exact depth extent of metastability predicted is less significant than the predicted presence of an appreciable metastable wedge within slabs in the age and convergence rate range that have deep earthquakes. The simple models used here do not explain the abrupt onset of deep earthquakes at a thermal parameter of about 5000 km; the bottom of the metastable wedge in model (2 is at about 500 km, whereas earthquakes for slabs in this thermal parameter range typically extend to depths of 550-690 km. Hence although the model predicts the observed first-order behavior, its simplicity may make it inadequate to predict fine details. In particular, uncertainties in the predicted depth extent of metastability result from simplifications in both the thermal model and the extrapolation of spinel growth rates to temperatures markedly lower than constrained by the experiments.
Second, the maximum depth of metastability and thus the predicted seismicity are ultimately limited because near the base of the transition zone, either metastable olivine or spinel transforms to the stable lower mantle assemblage. As discussed in sections 5.4.2 and 5.4.3, these transformations should not be seismogenic. This ultimate limiting condition is not included in our model because the metastability field for olivine is not predicted to go significantly into the lower mantle.
Third, the sides of the wedge in models C and D approximately coincide with the 600øC isotherm due to the strong temperature dependence of the transformation rate. Hence for old, fast subducting, and hence cold slabs where metastability should occur, the long-suggested approximate relation between the maximum depth of seismicity and a limiting isotherm would be expected [Kirby et al., 1991] . The metastability hypothesis thus reconciles the apparent temperature control of the deepest seismicity with the observation that no such critical weakening is expected from laboratory-based rheological laws for olivine [Brodholt and Stein, 1988] . In this view, the temperature effect on metastability, rather than on strength, controls earthquake depth distribution.
Last, this thermokinetic model does not incorporate any internal deformation. Various observations (section 7) suggest that slabs deform at the bottoms of WadatiBenioff zones, so simple models may be inappropriate there. 
HIGH-PRESSURE SHEAR INSTABILITIES
The modeling results presented above indicate that significant regions of metastable peridotite would be expected in the coldest interiors of downgoing slabs that have deep earthquakes. Such metastability has implications for various failure mechanisms proposed for deep earthquakes. In this paper, we explore a mechanism, transformational faulting, that requires the presence of this metastability. Before exploring this hypothesis, we review and evaluate some other proposed mechanisms in view of the likelihood that many slabs have significant metastable regions.
Effects of Initial Pore Fluids
The failure processes responsible for shallow faulting, ordinary brittle fracture and frictional sliding, are unlikely to occur in unmodified form at depths below a few tens of kilometers because the stresses required for fracture and frictional sliding (i.e., brittle strength) increase linearly with pressure [e.g., Griggs [Kirby, 1995; Kirby et al., 1996] . This earthquake population is distinct from deep earthquakes, because it peaks at about !00-!25 kin_ and decays to a relative minimum at about 300-325 km [Kirby, 1995] (Figure 2a) 105E  108E  111E  114E  117E  120E  125E   I  I  I  I  I  I  I  I  I  I  I 1. Only phase changes in mineral systems that display polymorphism, significant volume changes, and high latent heats produce transformational faulting (Figures 13 and 14) . All three factors appear necessary because transformational faulting involves rapid transformation of the metastable host phase to the highpressure phase as the fault grows. For example, the reaction albite -• jadeite plus quartz, which is nonpolymorphic because two minerals are produced, proceeds smoothly under stress without faulting even though it is strongly exothermic with a large volume change (B. 5. Thin fault zones with appreciable shear offsets develop (Figures 15b and 17) . In addition to some host material, the shear zones contain fine-grained high-pressure phase. The fine grain size of the high-pressure phase helps explain why the shear zone is weak relative to its matrix, despite the fact that when the high-pressure phases are coarse grained, they are generally stronger than their low-pressure polymorphs. Fine grain size evidently lowers strength by promoting the superplasticity often displayed by very fine-grained materials [Poirier, 1985] .
6. The total amount of sample transformed to the denser phase after faulting is small, usually less than a few percent. . Cold slabs should be denser than their surroundings, so a negative buoyancy body force interacts with viscous forces resisting slab motion, producing higher stresses in slabs compared to their surroundings. The cold slabs should also be strong enough to support and transmit much higher stresses than the surrounding mantle. Modeling studies based on these assumptions produce stresses generally consistent with inferences from the depths and focal mechanisms of deep earthquakes [e.g., Wortel and Vlaar, 1988] . It has also been assumed that slab temperatures control the spatial distribution of seismicity, with earthquakes occurring only in portions of slabs where the temperature is low enough that high strength is predicted by a ductile flow law. This strong region should bound the potentially seismogenic region, because the faulting strength must be less than the ductile strength for faulting rather than flow to occur (Plate 5a).
lransformational-faulting
This thermomechanical approach, though successful at explaining many aspects of deep seismicity, is clearly incomplete. This incompleteness is shown by the fact that it leaves at least three major issues unresolved. First, it does not adequately explain the coincidence of the depfhs of deep earthquakes with the transition zone lier, the brittle strength of slab material should be enormous, far in excess of likely slab stresses, so deep earthquakes should not occur. Dehydration embrittlement seems unlikely to resolve this issue because it is unclear why this mechanism would be restricted to the transition zone in slabs (section 5.2). Third, it is insufficient to explain the earthquakes, which we consider later, that occur in detached portions of slabs that appear to have foundered at the bottom of the transition zone. In this geometry the stresses derived from thermal bouyancy seem inadequate to explain the seismicity and focal mechanisms.
Incorporation of Metastability
We have seen that large-scale metastability is predicted in slabs by thermokinetic modeling, and that laboratory results indicate that metastability should cause transformational faulting. Consideration of these effects of the mineralogical state of the slab provides a fuller description of slab processes than consideration of thermal effects alone. In particular, consideration of the effects of metastability provides useful insight into the three major issues listed in the last section.
First, because transformational faulting is expected only within the metastable region, the restriction of deep earthquakes to the transition zone in slabs is a natural consequence. Second, because transformational faulting in slabs occurs at lower stresses than for brittle fracture, transformational faulting provides a plausible failure mechanism. Third, as we shall see, the distribution of metastable material should give rise to stresses within slabs even if mechanically isolated.
Thus, as explored in later sections, the effects of metastability augment those expected from the purely thermomechanical perspective. The metastable wedge forms a distinct portion of the slab where earthquakes occur because it can fail seismically at lower stress than the surrounding, already transformed, portions of the slab. Moreover, as shown later, the reaction boundaries of the wedge provide a secondary source of stress reinforcing those due to thermal buoyancy. Hence the seis- To illustrate, consider the three peridotite blocks within a downgoing slab (Figure 9) . Olivine in the region outside the cold slab core (block •! or 3) transforms to spinel near the equilibrium boundary because the transformation rate keeps pace with the descent rate. In contrast, olivine in the block in the cold slab core (block 1) cannot transform rapidly enough relative to the descent rate and so persists metastably to depths below the equilibrium boundary. Within the metastable wedge, localized transformation can occur because the olivine is metastable and will occur by transformational faulting under the appropriate stress conditions, causing deep earthquakes. Eventually, the block reaches a depth where the bulk transformation rate keeps pace with the descent rate, and all the olivine transforms rapidly over a short distance. Below this depth, which is the lower wedge boundary, metastable olivine no longer exists, and deep earthquakes should not occur. Thus deep earthquakes within the metastable wedge result from localized transformations involving only a small fraction of the peridotite, most of which eventually transforms aseismically at the wedge boundaries. In some cases, such as the Tonga slab, the wedge geometry may be such that metastable olivine persists to 670-700 km and then transforms directly to the stable lower mantle assemblage. This aseismic transformation should occur close to the equilibrium boundary, because most of the slab, i.e., the material outside the wedge, has already transformed to spinel and released considerable latent heat and/or is finer grained, favoring more rapid kinetics.
Slab Stresses
Metastability affects stresses within slabs in a number of ways. Although the basic stress pattern is that due to thermal buoyancy and resistive forces, interesting additional effects are expected. We discuss these effects here and later show that many are consistent with seismological observations. First, the metastable wedge changes the density of the slab, which governs the distribution of gravitational body forces. Density differences arise both because of the temperature contrast (the wedge is about 750øC colder than the surrounding slab and about 1000 ø colder than the mantle outside) and the 8% higher density of spinel. Thus metastable olivine in the wedge, which makes up about 1/5 of the slab (Figure 9) , should be about 100 kg/m 3 less dense than the spinel outside the slab. Outside the wedge, however, the slab is about 100 kg/m 3 denser than its surroundings. Hence the density structure differs from that previously assumed for two reasons (Plate 5b). The relatively low-density wedge is present, and the previously assumed high-density region below the elevated equilibrium phase boundary [e.g., Turcotte and Schubert, 1971] is not present but instead forms the top of the wedge. The net negative buoyancy of the slab should be reduced, and the average downdip compressive stresses deriving from the balance between that buoyancy and the resistive forces due to the surrounding mantle should be less than previously assumed.
In addition to changing the buoyancy-derived stresses, the metastable wedge causes internal or "selF' stresses due to volume changes associated with the bulk transformation (Plate 5b , personal communication, 1995) .
Further complexities would also be expected because real slabs are more complicated than the idealized twodimensional thermokinetic models. For example, we used a simple planar geometry and included no variations in the thermal or mineralogic structure of the lithosphere entering the trench and no lateral variations in physical properties within the slab. In real slabs, these and other effects could cause complexities in the geometries of kinetic phase boundaries, the stresses accompanying heterogeneous phase changes, and the geometries of regions where transformational faulting can occur. In section 7 we speculate that such complexities in the geometry of metastable olivine regions cause various peculiar and enigmatic aspects of deep earthquakes.
DEEP EARTHQUAKE PHENOMENOLOGY AND MANTLE PHASE CHANGES
We now turn to various features of deep earthquakes that have implications for their origin. These features can be divided into three broad categories: the global distribution and tectonic settings of deep earthquakes, the fine structure of individual Wadati-Benioff zones, and the source properties of deep events. We briefly review each feature in a sequence that roughly reflects its relative significance and argue that some of its characteristics are difficult to explain without invoking the effects of metastability and transformational faulting.
We review in some detail those features which have not already been introduced and refer to earlier discussions for features already noted. in connection with a few of the largest events (see Table 1 ).
Global Distribution and Tectonic
Historically, the variation in stress with depth was assumed to result largely from the balance between the negative buoyancy and resistive forces (Plate 5a). Modeling studies show that the peak in seismicity near 600 km can be a consequence of high stresses due to resistance to slab penetration into the lower mantle [e.g., Richter Seismological studies (e.g., Plate 1) indicate that some slabs are deflected or distorted at 660 km, whereas others penetrate to substantially greater depths and in some cases deform. It is thus plausible to relate the peak in seismicity at 600 km to slabs encountering resistance to penetration into the lower mantle.
It is not, however, appropriate to assume that seismicity ceases near 660 km because slabs somehow end or fail to enter the lower mantle. The failure of thermomechanical arguments alone to provide a physical mechanism for the cessation of seismicity at about 700 km, despite seismological evidence for slab descent into the lower mantle, strikes us as a major limitation.
In contrast, the metastability hypothesis provides a natural explanation for the depth range and plausible explanations for the two peaks'in deep seismic activity. Thus the largest four deep events known (Table 1) , including the 1954 Spanish earthquake (section 7.1.5), are largely isolated and occur at 625-650 km depth, near the maximum depth of seismicity. The fact that the two biggest shocks occurred near the spatial limits of deep seismicity or where Wadati-Benioff zone geometry changes radically suggests to us that these earthquakes occur in isolated regions of metastable peridotite with a complex three-dimensional geometry, not connected to nearby metastable wedges. Hence although stresses could be high in adjacent regions where peridotite has already transformed, seismic failure by transformational faulting could not occur.
An extension of the metastability hypothesis may also explain why these isolated earthquakes are so large. Metastable peridotite which survives to about 650 km would be under huge overpressure, up to 10 GPa [Kirby et al., 1995b] . As a result, the dynamic shear stress from even a small transformational faulting earthquake could trigger transformational faulting over the entire region. Earthquake fault areas could thus grow to the maximum size permitted by the metastable region, so large deep earthquakes would have few nearby smaller companions. Shear wave triggering of a shear instability would be analogous to shock wave detonation of solid explosives, materials that are also extremely metastable.
Along-arc variations in deep seismic deformation.
Marked variations in seismic moment release occur along strike in many deep subduction zones that may be related to lateral variations in slab thermal structure, peridotite metastability, and hence slab stresses and faulting mechanism. We noted (section 4.2) that along the Indonesian arc, deep earthquakes begin abruptly where the thermal parameter reaches a value of about 5000 km. Curiously, the largest deep events in this subduction zone in the past 50 years (April 16, 1957, and December 15, 1963) occurred near this transition [Okal and Kirby, 1993b; Okal et al., 1993] . The metastability hypothesis offers some insight into why the largest earthquakes occur at the edges of a region of deep seismicity. In areas where the metastable region should have a distinct lateral edge, the arguments (section 6.3) for high stress and seismic moment release near wedge tips should apply to their lateral edges. A possibly related phenomenon occurs for the northwest Pacific, where deep seismicity is not uniform along the arcs (Figure 21 ). In particular, seismicity shallows dramatically at the cusps between the Mariana, IzuBonin, NE Japan, and Kurile-Kamchatka arcs. Moreover, large earthquakes occur at the edges of the regions of deep seismicity. These deep seismic reentrants may indicate "tears" in the downgoing lithosphere at the junctions between arcs [e.g., Burbach and Frohlich, 1986] . Hot mantle material could reach the edges of such tears, giving a sharp lateral edge to a metastable wedge, high stresses, and thus large earthquakes. 7.3.2. Aftershocks. Because deep and shallow earthquake sources appear similar in their most important aspect, shear faulting, it is natural to ask whether other possible differences in their source parameters offer insight into the faulting process. Such differences have proved elusive, however, except for aftershock occurrence [Page, 1968; Frohlich, 1987b Frohlich, , 1989 . Shallow earthquakes typically have many aftershocks with magnitudes up to one unit less than the main shock. In contrast, aftershocks for deep earthquakes generally are much smaller and rarer. For example, a shallow earthquake on the San Andreas Fault with the same moment as the great 1994 Bolivian deep earthquake should have more than 1000 aftershocks with magnitude greater than 4 in the first 100 days, including some with magnitude up to 7.3, and net moment release of about 10% of the main shock [Reasenberg and Jones, 1990; P. Reasenberg, personal communication, 1994]. The 1994 Bolivian earthquake had only four small teleseismically recorded aftershocks within the first 100 days (National Earthquake Information Center Preliminary Determination of Epicenters (NEIC PDE) catalog), with total moment release only about 0.6% of the main shock. Thus aftershock activity for this earthquake is about 5% of that expected for a comparable shallow earthquake. The same phenomenon is observed for aftershocks of other large deep earthquakes (Table 1) . Even more strikingly, no teleseismically recorded aftershock of the great 1970 Colombian deep earthquake has been detected, despite adequate instrument coverage.
A distinct exception to the pattern of deep earthquake aftershocks occurs for the large 1994 deep earthquake in the Tonga subduction zone [Wiens et al., 1994] ( Table 1 ). The aftershocks form the richest deep earthquake aftershock sequence known (with the possible exception of that for the May 26, 1932, Tonga earthquake). The best located aftershocks define a steeply dipping planar zone containing the mainshock and approximately paralleling one of its nodal planes. This zone cuts across the main deep Wadati-Benioff zone into heretofore aseismic mantle. It is unclear why this deep earthquake had so many aftershocks or why the aftershocks cut across the main zone of activity. This unusual behavior may somehow be related to the fact that the deep northern edge of the Tonga Wadati-Benioff zone shows intense seismicity and seismic moment release, indicating intense deformation [Giardini and Woodhouse, 1984 ] of what may be the oldest, coldest, and fastest subducting slab in the world. The aftershocks may also represent failure by ductile faulting in parts of the slab which has already transformed to spinel (section 5.3).
Although aftershocks for the largest and best studied deep earthquakes appear to occur on the fault plane of the main shock, Willemann and Frohlich [1987] find that this is not generally the case from a study of smaller deep earthquakes. Given that aftershocks for shallow earthquakes are sometimes on the fault plane and sometimes not, interpretation of the analogous situation for the smaller deep earthquake data set has not yet been forthcoming.
The metastability hypothesis offers a qualitative explanation for the lower aftershock activity after deep earthquakes [Kirby, 1987; Kirby et al., 1991] . First, transformational faulting can only produce slip once in a given transformed shear zone, whereas frictional sliding can recur on shallow brittle faults. For deep earthquakes, small aftershocks may still occur if patches of untransformed material survive along the transformational fault zone. Second, although for shallow earthquakes aftershocks may occur as the slip zone grows around that of the main shock, the rupture area of the largest deep earthquakes may be limited to the zone of metastability. Teleseismically located aftershocks of the 1994 Bolivian earthquake form a roughly east-west line at the southern limit of slip defined by subevents of the main shock [Kikuchi and Kanamori, 1994a, b; Kirby et al., 1995a] , which may also mark the southern limit of metastability at this depth. The fact that the largest isolated deep earthquakes have few aftershocks may reflect the same phenomenon causing them to have few nearby small events. Large events may trigger transformational faulting throughout the region of metastability, essentially exhausting the region's moment release potential (section 7.2.1).
7.3.3.
Source dimensions. Consideration of aftershock geometries for large deep earthquakes leads to the important question of whether the predicted regions of metastability are consistent with the inferred earthquake fault dimensions. More generally, because the predicted region of metastability is thermally controlled, the question is whether the fault geometry is consistent with any mechanism in which the seismogenic region is thermally controlled [Stein, 1995] . Part of the answer may come from the often assumed (though not rigorously demonstrated) idea that deep earthquake sources are more spatially compact than shallow events of comparable size. Because the seismic moment is the product of the shear modulus, fault displacement, and fault area, and the shear modulus is about 3 times higher at 600 km than at the surface, deep earthquakes of a given moment would have smaller source dimensions for a given moment and displacement. Whether deep earthquake sources are more compact is unknown due to the difficulties in estimating rupture properties discussed later.
Whether or not deep sources are more compact, the question of whether their dimensions are consistent with metastability remains [Houston, 1993 [Houston, , 1994 . If our simple modeling assumptions are generally appropriate, the geometry of the isotherms restricts transformational faulting to a thin, steeply dipping, and essentially planar zone. Hence earthquakes with fault dimensions exceeding a few tens of kilometers could occur only within a limited range of orientations (Figure 9) . Testing for such a relation between slab geometry and fault geometry is often difficult because of the need to compare two poorly known three-dimensional geometries: that of the rupture zones for the largest deep earthquakes and that of the downgoing slab and the inferred metastable region in which they may have occurred. Both these geometries are uncertain on a scale of tens of kilometers, a scale comparable to tl•e wedge dimensions predicted by simple models.
Source geometries are poorly known because deep earthquakes generally lack the numerous aftershocks that provide the best estimates of the fault dimensions of shallow earthquakes. Hence although some information can be derived from the relative positions of subevents, the detailed fault geometry is still essentially unknown for most deep earthquakes. Fortunately, the situation is improving due to advances in broadband seismic instrumentation and its deployment in sites of interest, such as for the 1994 Tonga and Bolivian deep earthquakes.
In addition, because the largest deep earthquakes are generally isolated, slab geometry is difficult to map. In some cases (section 7.2), slabs may be significantly distorted or thickened, either along-strike or as they interact with the lower mantle. As a result, the predicted temperature structure in the slab is uncertain for reasons even beyond the limitations imposed by the simple thermal model's uncertainties. Thus the geometry of a possible metastable region, or any temperature-controlled seismogenic region, is not easily predicted in detail. This "fault too big" problem, which is also indicated by the aftershocks of the 1994 Tonga earthquake (section 7.3.2), may be problematic for the metastability hypothesis or any other in which the seismogenic region is thermally controlled. The hypothesized failure mechanism may be incorrect, or the temperature structure in the source region may be sufficiently complicated that simple thermal models are inadequate. It is also possible that multiple mechanisms operate. For example, transformational faulting in the metastable wedge may trigger ductile faulting outside.
The possibility that deep earthquake sources are generally confined to a restricted and narrow volume is suggested by the frequency distribution of seismic moments. Okal and Kirby [1995] noted that the falloff in deep earthquake numbers with increasing seismic moment in the Tonga Wadati-Benioff zone points to their population having a fractal dimension of three rather than two. They argue that because the fast subducting Tonga slab is probably the coldest on Earth, the metastable wedge is thicker and more three-dimensional than in other deep slabs. At high seismic moments, a change in the falloff of earthquake numbers with increasing size suggests a small transverse dimension for the seismogenic zone (---10-15 km on average for Tonga and as low as 5 km for most other deep seismic zones). These small average dimensions, however, would not apply where the slab is intensely deformed and the largest deep earthquakes occur, as in the northern portion of the Tonga Wadati-Benioff zone (section 7.3.2). 7.3.4. Rupture history. Efforts have been made to find differences in rupture histories between deep and shallow earthquakes that might indicate differences in faulting processes. Unfortunately, only a few simple parameters can be estimated from the seismic waves radiated from a deep earthquake, and these parameters yield only indirect information about the faulting process [e.g., Choy and Boatwright, 1981] . Moreover, these parameters are more difficult to estimate for deep earthquakes than for shallow ones. The fault orientation and seismic moment, the parameters most directly derivable from seismograms, tell little about the process causing larger than the narrowest dimension of the metastable wedge predicted from a simple thermal model. Because little is known about the deep slab geometry, owing to the sparse regional deep seismicity, it seems premature to regard this result as evidence against the earthquake resulting from metastability or any similar thermally controlled process [Stein, 1995] . Kirby et al. [1995a] argue that the slab in the source region is highly deformed, slip. Additional information is thus sought from the rise time required for slip at a point on the fault to reach its maximum value, from the velocity of rupture propagation, and from the stress drop during the earthquake [Geller, 1976; Aki and Richards, 1980] . For large shallow earthquakes one can estimate the rupture velocity from the relative location and timing of subevents and the fault area from the distribution of subevents, after-shocks, surface rupture, and geodetic data. Slip in an earthquake, as inferred from the seismic moment divided by the estimated fault area and shear modulus, may be used, in turn, to calculate the stress drop from the ratio of the slip to the fault dimension. For most deep earthquakes (and many shallow ones) this approach is ditt•cult because there are insutt•cient welllocated subevents and aftershocks to define the rupture velocity and fault area. The primary seismological observable, the duration of the pulse emitted from an earthquake, reflects the time required for rupture propagation and thus the ratio of the fault dimension to the average rupture velocity. Consequently, inferred stress drops have large uncertainties because they depend on an unknown fault geometry, an assumed rupture velocity, and the cube of an estimated duration [Chung and Kanamori, 1980 7.3.5. Source complexity. Other differences between deep and shallow earthquake rupture processes have been hypothesized but not demonstrated. Although it is sometimes thought that deep earthquake sources may be simpler than shallow ones, this apparent difference may simply result from the fact that source complexity is seen best for the largest earthquakes, which are typically shallow. The latter possibility is suggested by detailed studies which find source complexity even for small deep earthquakes [e.g., Choy and Boatwright, 1981 ]. It appears that deviatoric non-double-couple components of the source (i.e., that portion of the source not associated with either a volume change or slip on a single fault [Frohlich, 1994a] In summary, deep earthquake sources are very similar to those for shallow earthquakes. This observation is consistent with their being due to transformational faulting, because although the micromechanics of faulting differs from that of shallow earthquakes, the radiated seismic waves are generated by slip on a fault. bility present. The important point, however, is that deep earthquakes are almost certainly only minor elements in the nonthermal energy budgets of deep slabs. Liu [1983] reached a similar conclusion for intraslab earthquakes based on a general comparison of available thermodynamic energies from metastable reactions and earthquake energies. It seems ironic that deep earthquakes, which radiate a minuscule fraction of the energy available from phase transitions in slabs, are our primary source of information about these transitions. The earthquakes provide the strongest evidence that metastability and transformational faulting occur and offer insight into their distribution among slabs. In the chemical reactor analogy, we know the input material (oceanic lithosphere) and its flux into the transition zone. However, although the bulk chemistry of the material is unaffected by the reactor, the forms of the reaction products (minerals) are unknown because they are not directly observable. We can, however, infer that for certain fluxes (old, fast, and thus cold slabs), reactions occur metastably, as indicated by the noises (earthquakes) they produce. For other fluxes (young, slow, and hot slabs), metastable reactions do not occur and no earthquakes happen. This analogue is plausible: sounds from explosive reaction bursts are often used to study nonequilibrium processes in gas combustion reactors [Scott, 1991] .
Because deep earthquakes radiate only a small fraction of the energy released from the phase transition, most of this energy is dissipated as heat in slabs or stored in defects, such as grain boundaries or dislocations. As noted earlier, this internal heat source can raise the interior temperature by up to 40ø-200øC and thus speed the thermal and hence mechanical equilibration of slabs to ambient mantle conditions and facilitate the phase transformations to the lower mantle assemblage. Similarly, the energy liberated could reduce grain size and thus weaken slabs [Rubie, 1984; Ito and Sato, 1991] . These consequences of dissipation of energy from metastable reactions at wedge boundaries may contribute to the mechanical and thermal equilibration of deep slabs.
Variation of Seismic Moment and Energy
Release Between Slabs
The fraction of the total energy available that is released seismically is not only small but appears to vary among subduction zones. Such a variation is suggested from a comparison of seismic energy release to the volume flux of subducting lithosphere into the transition zone for individual subduction zones. We estimated the The complexity of the moment release pattern is illustrated by the fact that both the Izu-Bonin and South American slabs produce much more moment than other arcs with comparable volume flux. This relatively robust and long-lived discrepancy is illustrated by the distribution of deep earthquakes in the subducting Pacific plate in the NW Pacific (Figure 21) . Although the nominal age, probable initial thermal structure, and descent rate for the Pacific plate do not vary grossly along strike, the overall modern seismicity and the number of large deep events in the time interval 1924-1992 are markedly higher for the Izu-Bonin arc. This arc is also unusual in that seismicity systematically deepens from north to south and is unusually active in the depth range from 350 to 500 km relative to other Wadati-Benioff zones except Tonga (e.g., Indonesia in Figure 12) where the slab system's internal evolution is governed by internal feedbacks, rather than by the rates of external inputs or slab descent rates.
Our sense is, however, that this lack of correlation is real and results from the complexity of slab metastability and/or the transformational faulting process. We have assumed that the production of metastable material can be predicted deterministically from the thermal structure and convergence rate, via kinetic modeling. Thus although we can predict where transformational faulting
Implications of Metastability for Slab and Mantle Dynamics
Metastability would have significant consequences for the dynamics of slabs and for plate motions. Even a simple steady state metastable wedge affects the slab's density structure. Thus the resulting plate-driving force will depend on the slab age and subduction rate in a more complex way than expected for purely thermal effects because the formation of a metastable wedge varies nonlinearly with age and rate (Figure 4) . Moreover, because wedge formation occurs only for old, fast subducting, slabs, it may act as a "parachute" and contribute to regulating plate speeds by reducing their density and driving force. In a similar fashion, the evolution of metastable wedges would permit plate-driving forces to change with time more rapidly than expected from purely thermal effects, so metastability may play a role in changing plate motions. Such changes might be especially complicated if the metastable wedge geometry varied simultaneously in several plates.
Large-scale metastability could also affect the evolution of the mantle. A major issue for understanding the evolution of the mantle is the extent to which downgoing slabs return material to the lower mantle. Analyses of this issue generally focus on the extent to which slabs are sufficiently dense to penetrate into the lower mantle. Slabs with significant metastability will be less dense than expected on purely thermal grounds, and hence more likely to stagnate above 660 km, as apparently illustrated by the foundered Vityaz slab (Plate 6 and Figure 20) . Eventually, such slabs will heat up sulficiently that metastable peridotite will transform to denser spinel, favoring subsequent slab penetration. This effect should be significant for some slabs and may play a role in the proposed large-scale "flushing" events where volumes of stagnant slab material sink into the lower mantle [e.g., Honda et al., 1993].
Although these consequences of large-scale metastability are speculative, they suggest a possible source for spatial and temporal complexity in slab density structure, stresses, and driving forces beyond those expected from purely thermally based ideas. Even steady state metastability gives some of these complexities, and the possibility of thermal and mechanical feedback (e.g., stress effects on transformation kinetics) offers an even greater richness in possible behavior.
PROSPECTS
The hypothesis that deep earthquakes result from transformational faulting in metastable peridotite is already providing an impetus and organizing framework for a wide variety of investigations [Frohlich, 1994b] . Because the hypothesis has clear and testable implications, it suggests natural lines of inquiry including deep earthquake phenomenology, laboratory investigations of reaction kinetics and transformational faulting, slab properties, and dynamic modeling.
As reviewed earlier, the metastability hypothesis has given new impetus to studies of deep earthquake source properties. The issue of whether a wedge is seismologically detectable is also being investigated [Vidale, 1987; Iidaka and Suetsugu, 1992] . The data set for deep earthquakes is also growing, both by the fortuitous recent occurrence of large deep earthquakes and by application of modern seismological techniques to historic seismograms [Huang et al., 1994 [Huang et al., , 1996 .
Laboratory studies also should provide important constraints on the inner workings of deep slabs by improving our ability to model the progress and effects of mantle phase changes. In particular, improvements are needed in our knowledge of the thermal diffusivities of mafic and ultramafic minerals and rocks, in the mechanisms and kinetic laws for transition zone and lower mantle transformations, and in the inelastic behavior of those transformations at pressures approaching 25 GPa.
Modeling studies also offer the prospects for improved understanding of metastability, for its consequence for slab processes, and for larger-scale geodynamics. We see opportunities to integrate thermokinetic models with simulations of the deformation states of deep slabs and with equation-of-state predictions of the seismic velocity and density structures of slabs. We also anticipate improvements in simulations of the temperature, kinetics, and deformation state in slabs with spatially variable plate age (and hence initial thermal structure) and with laterally varying descent rates. These improvements should facilitate comparisons of modeling results with real slabs, whose geometries are being clarified by tomographic studies. 
Kinetic hindrance:
A condition under which chemical reactions take place sufficiently slowly that metastability occurs. For example, because reaction rates decrease with decreasing temperature, a phase can persist metastably outside its stability field if temperatures are sufficiently low. Lower mantle: The deepest portion of the mantle where seismic velocities increase slowly with depth. The upper boundary, originally defined to be at a depth of 1000 km [Bullen, 1940] , is now placed by most investigators at the depth of the global seismic velocity discontinuity near 660 km. The lower mantle is thought to be dominated by perovskite mineralogy. lransformational faulting: A form of faulting found in some mineral systems that exhibit polymorphism. If the low-pressure polymorph is pressurized at low enough temperature that it persists metastably and is subsequently deformed, it may fault suddenly without essential loss of cohesion by localization of transformation to its denser polymorph in a fine-grained shear zone [Kirby, 1987; Kirby et al., 1991] . "Anticrack" faulting is another term occasionally used for transformational faulting Green, 1994] . This term emphasizes the nucleation of transformational faults by the creation and interactions of "crack-like" inclusions of the high-pressure phase under stress. We prefer the term "transformational faulting" because it emphasizes the connection of the faulting process with mineralogical changes of state. lransition zone: That portion of the mantle where seismic velocity increases rapidly with depth. The upper boundary is placed at the depth of the seismic velocity discontinuity at about 410 km. The lower boundary, originally defined to be at about 1000 km depth [Bullen, 1940] , is currently placed at the depth of the global seismic velocity discontinuity at about 660 km. These rapid seismic velocity increases are thought to reflect the presence of minerals (such as spinel, modified spinel, ilmenite, and garnet) that are stable at pressures existing at depths of 410-660 km. The transition zone probably occurs over a broader range of depths in slabs because they are colder than normal mantle (Figure 2c 
Wadati-Benioff zone:
An inclined zone of seismicity at a convergent plate boundary marking the presence of cold subducting lithosphere. This structure was first noted in Japan by Wadati [1935] and recognized elsewhere by Visser [1936] and Bedage [1937] . Benioff[1949] proposed that the inclined seismic zone was due to large-scale thrust faulting. With the discovery of plate tectonics, it was recognized that although many shallow earthquakes in subduction zones result from interplate thrusting, others, especially at depths exceeding about 50 km, result from deformation within the slab. We follow Uyeda [1978] and Frohlich [1987a] in using the term "Wadati-Benioff zone."
